Vertical diffusion cells (VDC) have been envisaged as in vitro surrogates for ensuring product quality and performance for topical preparations. USP General Chapter <1724> Semisolid Drug Products-Product Performance Tests describes the application of VDC as one of the apparatus required for in vitro testing of topical products. Knowledge of various operational parameters and their impact on drug release during diffusion experiments thus becomes imperative. In the present study, parameters like temperature, composition of receptor medium, speed of stirring, and filled volume of cell jacket have been evaluated for their influence on drug release rate from hydrocortisone cream employing vertical diffusion cells. The statistical analysis of the results was performed by one-way ANOVA with Bonferroni post hoc test. Results suggest that the composition of the receptor medium significantly influences drug release from cream, and slower stirring rates translate to lower release rates. On the other hand, within experimental design, the temperature of the receptor and filled condition of the cell jacket do not influence drug release significantly.
INTRODUCTION

D
rug delivery systems administered through routes other than oral have gained popularity in recent times. For over a decade, researchers have envisaged delivery via a skin/topical route as an attractive arena for drug delivery. While most topical dosage forms are developed for local action, systemic delivery of drugs is achieved through transdermal systems (1, 2) . Drugs like scopolamine, nitroglycerin, nicotine, clonidine, fentanyl, estradiol, testosterone, lidocaine, vitamin B12, and others are delivered transdermally and have been commercially successful (3) . Transdermal systems deliver the drug through different layers of the skin into systemic circulation. The important advantages of transdermal delivery systems over conventional oral solid dosage forms (OSDs) are the bypass of first-pass metabolism and better patient compliance especially in cases where OSDs are not possible (4) . An essential property of such a carrier is the release of drug into the contact epidermal surface in sufficient amounts before movement to the dermis and subsequent absorption into the blood. Hence, monitoring the drug release rate is an important quality control parameter in the development of transdermal dosage forms. It is important to ensure reproducible and reliable release of drug from each tested product. For many years, the Franz diffusion cell (FDC) has been employed as the primary evaluation tool for assessing drug release from semisolid dosage forms (5) . It enables quantification of the amount of drug that permeates across a membrane using components that mimic the travel of the active pharmaceutical ingredient (API) through skin. An FDC has a donor compartment, a receptor compartment, and a barrier to mimic skin. The barrier can be an artificial membrane like polysulfone, cellulose mixed esters, polytetrafluoroethylene, polypropylene, and others or natural like pigskin, rat skin, or human skin (6) . The advantages of artificial membranes for method development are reproducibility, absence of biological variability, easier setup, and low cost.
The vertical diffusion cell (VDC) is a refinement of the FDC with minor design changes that provide better control over stirring owing to the presence of a helix on the stirring bar. In addition, sampling is based on a positive displacement technique that makes aliquot withdrawal and replacement easier and more effective. It provides for a robust, reliable, and reproducible methodology for testing drug release (7) . The FDA SUPAC guidance (8) † Contributed equally to this work.
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recommends VDC for assessing scale-up and postapproval changes in semisolid dosage forms. A new USP General Chapter <1724> Semisolid Drug Products-Product Performance Tests (9) is referenced for performance validation of topical and transdermal products. It describes the application of the vertical diffusion cell as one of the apparatus recommended for in vitro testing of topical products. Thus VDCs have been in vitro surrogates for ensuring product quality and performance maintenance over time and product changes. An in vitro release rate from a semisolid dosage form reflects the presence of the correct polymorphic form of an API, its solubility, and its particle size apart from the rheological property of the dosage form. Any change in the in vitro release rate profile is an indication of a change in an important physical or chemical property of the semisolid dosage form. An in vitro release rate test can also be used as an assessment tool to ascertain whether any change in the process or manufacturing site affects the release of the API from the semisolid dosage form. The absence of a significant change in the release rate profile of the API, indicates that the suggested process changes does not affect the overall quality of the semisolid dosage form (5).
The FDA guidance on nonsterile dosage forms for in vitro release testing and in vivo bioequivalence documentation (8) suggests different scale-up and post approval changes that can affect the product quality attributes due to changes in components and composition, changes in manufacturing, and changes in batch size. The guidance also provides the procedure for in vitro release testing to rule out any possibility of a change in product quality attributes. The aim of this study was to vary the operational parameters of VDCs such as (1) cell temperature (30, 32, and 34 °C); (2) rotation speed (1000, 800, and 200 rpm); (3) receptor medium composition (10, 20 , and 30% v/v alcohol/water); and (4) jacket filling capacity and compare the drug release results using one-way ANOVA. Thus, the experiments included the evaluation of one process parameter and two instrument parameters, each at three levels, and another instrument parameter at two levels as summarized in Table 1 . 
Instruments
Hanson vertical diffusion cells (part #58-001-455) were employed for diffusion experiments. HPLC analysis of hydrocortisone was performed using a Waters C 18 column (50 mm, 3.9 mm × 5 µm, Waters, India), a JASCO PU-2089 Plus quaternary pump, JASCO AS-2055 Plus intelligent sampler, and JASCO MD-2018 Plus photodiode array detector (Jasco corporation, Japan). Chromatograms were recorded and processed using ChromNAV CFR v1.18.06 software.
Analytical Method
An HPLC method described previously (9) was employed. Hydrocortisone (HC) was analyzed from the in vitro release samples. The mobile phase was ACN-water (20:80), and the flow rate was 1 mL/min. The injection volume was 10 μL. During analysis, the in vitro release samples were bracketed between standard injections to eliminate ghost effects.
In Vitro Release Test
The six-cell manual testing system, comprising cells with an orifice diameter of 15 mm and a nominal cell volume of 7 mL, was used for the study. Each of these cells was housed in a stainless steel holder plate. A magnetic plate with six stirring points was accommodated in the holder plate such that center of the stirrer coincided with the center of the cell. Magnetic stirring bars and helixes were placed in the receptor compartments and filled with degassed medium (water-USP alcohol 95%). The outer jackets of the six cells were connected in series and were attached to a water bath (Polyscience, Germany).
To maintain cell temperature, water at 0.5 °C higher than the desired temperature was circulated throughout the cell jacket of the six cells. Tuffryn membrane presoaked in receptor medium for 30 min was mounted between the donor and receptor compartments. Samples were withdrawn periodically at 1, 2, 3, 4, and 6 h by a positive displacement technique. Stirring was switched off during sampling. The diffusion of HC from the cream across this membrane into the receiving medium was evaluated by the aforementioned HPLC method. A plot of the average amount of HC released versus the square root of time was developed. The complete setup of the apparatus is shown in Figure 1 .
To accommodate variations due to slight differences in the design of the six cells, reference experiments were performed. Experimental conditions of the reference and test experiments are summarized in Table 1 . Each run was performed in triplicate.
Statistical Analysis
The statistical analysis of the results was performed by one-way ANOVA with Bonferroni post hoc test employing software GraphPad Prism version 5.00 (GraphPad Software Inc., USA). The average release rate (μg/ cm 2 /min 1/2 ) of HC from the cream was chosen as the response for analysis. The univariate ANOVA applied on the reference experiment allowed monitoring of intercell variation (Table 2 ). In addition, evaluation of the effect of operational parameters on the release rate of HC from the cream formulation was performed by applying ANOVA to the average release rate of six cells at all levels of variation of operational parameters (Table 3 ).
In the present study, in vitro release profiles of 1% hydrocortisone cream in reference and test experiments were compared in accordance with FDA guidelines for SUPAC-SS. The experiment carried out at 32 °C, 800 rpm, with a medium of 30% alcohol was considered the reference experiment, and experiments performed with the parameters varied were referred as test. The reference slope (R) was obtained from a plot of amount released versus the square root of time from the reference experiment. Test slopes (T) were determined similarly from test experiments. T/R ratios were calculated for each test slope. After the T/R ratios were calculated, they were ordered from lowest to highest. For performance validation testing with 90% confidence, the 8th and 29th T/R ratios, when expressed as percentages, must fall within 75-133.33% (8). 
RESULTS
The HPLC method was validated with respect to linearity and precision. The retention time for the HC peak was approximately 7 min. System suitability was checked by periodic injections of a standard HC solution, bracketing the samples throughout the run. A relative standard deviation of less than 2% for the peak area for the standard solution injections was achieved for each run. The peak areas for HC for in vitro release samples were recorded and used in calculation of the amount released per unit area of membrane (μg/cm 2 ). The steady state of flux was determined from the slope of the plot of amount released per unit area versus the square root of time.
The linear nature of the plot (R 2 = 0.99) suggests that the release of drug from cream followed the Higuchi model (10). The result of the reference experiment is depicted in Figure 2 .
Statistical analysis by univariate ANOVA helped to assess whether variations in operational parameters under consideration significantly altered the release rate of drug from the formulation, while the Bonferroni multiple comparison test assessed which operational parameters under consideration significantly affected drug release. As evidenced from Table 2 , the result of one-way ANOVA of the reference experiment revealed that there was consistency in the performance of the six diffusion cells and that there was no significant difference in the release profiles. Table 3 shows that operational variables, namely stirring speed and medium composition, significantly affected the release rate of HC from the cream, while temperature and filled condition of the cell jacket had little influence. Apparent differences in the release patterns of the six cells were noted at different temperatures, but these observations were statistically not significant. In Figure 3 , the curves corresponding to higher stirring speeds (800 and 1000 rpm) are contiguous and exhibit release profiles similar to the plot at 200 rpm. Thus, a lower stirring speed resulted in slower and lower extent of HC release. The influence of medium composition was most profound. An increase in alcohol concentration increased the rate and extent of HC release. The rate of HC release from the cream followed the order of 10% < 20% < 30% (v/v) alcohol 95%. The filled condition of cell jacket did not significantly influence HC release from the cream.
The equivalence of reference and test samples for different changes in operational parameters and their compliance with FDA SUPAC-SS guidelines has been summarized in Table 4 . A lower stirring speed (200 rpm) and variation in the composition of the receptor medium failed to pass Stage 1 of FDA SUPAC-SS requirements at the 90% confidence interval. 
DISCUSSION
The results indicate that the major contributor to the diffusion of HC across an artificial membrane on a VDC is the composition of receptor fluid, followed by the rotation speed, and the temperature of the receptor fluid. This is a very significant and logical conclusion as it emphasizes the importance of receptor fluid composition for using VDCs to evaluate semisolid dosage forms. The receptor fluid should have enough solubilization power for a positive transport of the drug from the donor compartment to the receptor compartment through the artificial/bio membrane. This will ensure that a plateau in diffusion of drug is not reached prematurely as such a situation can show a poor diffusion for a good formulation. As a rule of thumb, the composition of receptor medium is chosen such that not more than 30% of the total amount of drug loaded is released into the receptor compartment at the end of study (11, 12) . Under such conditions, the amount of drug release per unit area is proportional to the square root of time exhibiting a Higuchi model release profile (10, 12) . In addition, while employing hydroalcoholic solutions as release media, the content of alcohol has to be chosen judiciously so that diffusional sink conditions are maintained allowing sufficient drug release over a substantial time period for accurate analysis, and the alcohol should not alter formulation characteristics due to back diffusion into the donor compartment. A high solubilization power of the receptor fluid could lead to enhanced flux from the donor compartment and may reduce the discriminating power of the method. Shah et al. (11) have reported that the release rate for betamethasone dipropionate from creams ranged between 0.61 and 2.68 μg/cm 2 /min 1/2 depending on the percentage of ethanol in the receptor medium. The study indicates that the discriminating power of the method decreased as the ethanol content in the release medium was increased from 30% to 60%. Thus, appropriate composition of receptor fluid is vital to the success of in vitro release testing and can give precise evaluation of the diffusion kinetics of the semisolid dosage form. The release medium for HC cream used in previous studies was a 30% (v/v) alcoholic solution (7, 13) . The present study explores the influence of perturbations in receptor medium composition on HC release. The impact of variation in receptor medium composition on HC release profile was significant. This could be attributed to the higher flux facilitated by ethanol in the medium owing to excellent solubility of HC in ethanol, which is 15 mg/ mL, compared with 0.3 mg/mL in water (14) . Alcoholic medium showed a positive effect on HC release (i.e., the higher the alcohol content in the medium, the faster the release rate due to the increased concentration gradient between the receptor and the donor compartment). Shah and coworkers (11, 15) showed that 30% ethanolic medium was sufficient to maintain diffusional sink conditions while not adversely affecting the integrity of the dosage form.
The speed of rotation in the current study did show a measurable effect on the diffusion of HC across an artificial membrane. The correct choice of stirring rate is a prerequisite for reliable and reproducible diffusion results. The relationship of the amount of drug released to the square root of time as per Higuchi release kinetics is based on the assumption of the existence of a stagnant drug layer closer to the membrane (10) . Disturbances in the thickness of the drug-saturated layer may reflect in variability in diffusion. A very low rotation speed can lead to the presence of pockets of low drug and high drug concentration resulting in variability in diffusion. In the current study, the use of a helix atop a magnetic stirring bar ensured that stirring was uniform and that small variations in rotation speed did not affect the diffusion kinetics. Kikwai et al. (13) reported that no statistical significance was observed for HC release from 1% HC cream when the stirring speed was varied over the range of 600-800 rpm. Similarly, in the present study, variability differences in the HC release were not significant between 800 and 1000 rpm within the experimental limit of rpm. However, a large deviation was observed at the slow speed of 200 rpm. While not observed in this study, significantly higher speeds may result in an unintended change of drug release.
In the present study, a ±2 °C change in temperature did not result in any significant differences in HC diffusion. It is suggested that an increase in temperature leads to an increase in diffusion, as temperature increases the solvent power of the receptor fluid and vice versa. This hypothesis was validated in the current study where the diffusion is lowest at 30 °C and highest at 34 °C, albeit without any significant difference in diffusion. 
CONCLUSION
The current study explores the major factors influencing diffusion kinetics. The experiments establish that changes in the receptor fluid composition will have a direct effect on the diffusion of the API across the artificial membrane of a VDC. Speed of rotation also influences the diffusion process due to its effect on the barrier of unstirred layers. Changes in temperature or changes in jacket filling within experimental limit have little impact on the overall diffusion process used in the current study. The inferences of the study can be used to design, perform, and validate diffusion methods for new semisolid dosage forms keeping in mind the major influencing parameters of diffusion.
